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1 – Introduction to Tungstate Semiconductors 
 
 Nickel and zinc tungstate are semiconducting compounds, possessing many specific 
electronic properties.  These properties allow nickel and zinc tungstate, as well as many other 
semiconductors, to be applied to a variety of different technologies and chemical systems.  These 
technologies include integrated circuits1, LED displays2, and solar cells3–5.  In a chemical 
context, they can be used for photocatalysis of organic compounds6,7, and photodegradation of 
organic contaminants2,8,9.  Below, the properties which allow for these applications will be 
explained. 
Currently semiconductors such as TiO2 has received much attention for its preferable 
band positioning which allows it to perform many reactions10, but its large band gap prevents it 
from harnessing the majority of sunlight’s emitted photons.  Tungstates have come into view for 
their similar band positioning, but potentially lower band gap which allows for higher activity in 
sunlight.  Currently, many tungstates have been synthesized by various groups, but extended 
research into the modification of these structures for photocatalysis is an area which is lacking 
literature.  This study aims to investigate the role in dopants for the band positioning and 
reduction in band gap for metal tungstates in order to provide a better photocatalyst. 
 
1.1 – Semiconductors 
 
 Semiconductors are a class of compound which exhibit conductive properties under 
specific conditions, where a conductor classically has no energy difference between its valence 
and conduction band1, a semiconductor has an energy separation ranging from 0.5-5 eV (Figure 
1)11.  On the other end of the spectrum, an insulator has an energy difference between the 
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valence and conduction band which is so large, that there is a negligible amount of excitation of 
valence electrons (Figure 1).  While conductors are ubiquitous within modern society for their 
ability to easily transfer heat and electricity, semiconductors have become an area of increased 
interest in the field of integrated circuits.   
 
Figure 1: An illustration of the various band gap energies of a conductor, semiconductor, and insulating materials 
 




 The energy gap (EG), sometimes called the band gap, refers to the difference in potential 
energy between an electron in the valence band (HOMO) of a semiconductor and an electron in 
the conduction band (LUMO).  These values are relative to different materials studied, but are 
essential to the classification of conductors, semiconductors, and insulators.  As discussed 
earlier, semiconductors generally have a band gap between 0.5-5 eV, which is in the range of 
~250-2500nm when translated to wavelengths of light.   
 Compared to the visible spectrum, ranging from 400-700nm, there exist many 
semiconductors which can be excited through sunlight – a form of electromagnetic irradiation.  
3 
 
This is a very important property for studies in photocatalysis, which uses an initially inert 
semiconductor to perform redox reactions under illumination12, as illustrated in Figure 2. 
 
Figure 2:  Redox reaction on the surface of a semiconductor under illumination of light 




 The Fermi level, or EF, describes the energy level at which there is a 50% chance an 
electron is occupying when at thermodynamic equilibrium1.  In a conductor, this level exists at 
the center between the overlapping conduction and valence band.  In a semiconductor, however, 
these bands are separated by an energy barrier which must be overcome for an electron to be 
excited or relax between them.  In this system, the EF lies somewhere between these two bands.  
In the case of an intrinsic semiconductor, this level would exist directly in the middle of the 
energy gap13.  This level can change under different conditions, such as temperature or applied 
electronic potentials.  It can also be changed from a structural standpoint through doping. 
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 The location of the Fermi Level is especially important in semiconductors when electron 
transfer takes place.  When an interface exists between the surface of a semiconductor and 
another matrix, whether it would be an electrolytic solution or another semiconductor, an 




 Doping describes the addition of specific impurities to a material.  These impurities are 
generally chosen in relation to the elements within a material.  A classic example is silicon, 
which can be doped with boron to create a p-type semiconductor14.  Boron, which sits one group 
to the left of silicon, possesses one less valence electron than silicon.  This absence of a valence 
electron can be thought of as an electron hole.  Like an electron in an open conduction band, an 
electron hole can move relatively freely within a heavily occupied valence band1.   
 In terms of EF, a p-type doped semiconductor would have a Fermi level closer to the 
valence band than the same semiconductor without a p-type dopant1.  The same idea can be 
applied to an element with one more valence electron than the semiconductor.  This is referred to 
as an n-typed doped semiconductor.  In this scenario, there is a relative excess of electrons in the 
valence band.  The n-type doped semiconductor would have a Fermi level closer to the 




Figure 3:  Relative fermi energy levels based on doping type 
 
1.2 – Metal Tungstates 
 
 Metal tungstates are a group of metal oxide semiconductors with the general chemical 
equation of MX(WO4)Y, where ‘M’ represents a transition metal, and ‘X’ and ‘Y’ represent  a 
ratio based on the charge of the transition metal ion and tungstate.  Tungstate alone is written as 
WO4
2-, and as an example silver tungstate formed with Ag(I) would be written as Ag2WO4.  Due 
to the wide amount of different atoms which can be stably coordinated with tungstate, this class 
of semiconductor can possess various electronic and physical properties, and have been studied 
for application in sensor15, catalytic16–18, and photovoltaic3 systems. 
 
1.2.1 – Various Properties of Tungstate Semiconductors 
 
 Many metal tungstate complexes have been synthesized and characterized in labs, and as 
a result there exist some cross-sectional studies comparing different metal tungstates in terms of 
their properties and efficiencies in various applications.  A metal tungstate will usually exist as a 
complex between a transition metal coordinated with a WO4
2- anion, adopting a crystal structure 
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dependent on the size and oxidation state of the cation.  In this study, two tungstates have been 
explored, nickel and zinc tungstate, for their electronic properties.  These tungstates have been 
chosen for their relative photocatalytic performance and band positioning.  Nickel tungstate has a 
low band gap which makes it preferable to currently popular materials such as TiO2, but its band 
positioning prevents it from reduction of reactive oxygen species in water19.  Zinc tungstate has 
the ability to both oxidize and reduce reactive oxygen species in water, but its high band gap 




Nickel tungstate exists as a complex of tungstate ions and Ni(II) ions.  Nickel’s atomic 
radius is much smaller than tungsten’s, causing the material to adopt a wolframite structure with 
a P2/c symmetry20.  Nickel tungstate’s band gap is variable, and has been reported to exist 
between 2.5-3.5eV20–23.  This variation is due to various factors, such as size, crystallinity, and 
synthetic methods.  Nickel tungstate has gained attention from the group of metal tungstates due 





 Zinc tungstate is similar to nickel tungstate in the fact that it is a complex of tungstate 
ions and Zn(II) ions.  Also like nickel tungstate, its relatively low atomic radius causes it to adopt 
a wolframite structure with a space group of P2/c25.  Like all metal tungstates, its electronic 
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properties vary greatly depending on the size and shape of the nanoparticles, but its band gap is 
generally around 4.2 eV18,26, leaving its excitation wavelength beyond the visible spectrum.  
Despite this fact, zinc tungstate has shown a relatively high photocatalytic yield when compared 




 Copper Tungstate exists in a similar wolframite structure27 to nickel and zinc tungstate, 
but its d9 electronic configuration leads to Jahn-Teller distortion.  This causes CuWO4 to take a 
triclinic P-1 spacing compared to NiWO4 and ZnWO4 which exist as a monoclinic structure
28.  
This distortion causes CuWO4 to have a relatively low band gap of around 2.2 eV compared to 




 Silver tungstate is unique to the other tungstates discussed as it exists as a M2WO4 
structure.  Synthesis of silver tungstate is also unique in the fact that calcination is not required to 
form crystalline Ag2WO4
30.  Nanophased silver tungstate has a band gap of around 3.2 eV8, and 
precipitates in a rod shape.  It exists in an orthorhombic structure with a space group of Pn2n. 
 
1.2.2 – Synthetic Methods of Tungstate Semiconductors 
 
 There exist many methods for synthesizing metal tungstates, many of which focus on 
either providing a cost-effective and scalable method geared toward mass production, or those 
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which focus on refining some property of these materials such as size or band gap.  Below are a 
few notable methods. 
 
Coprecipitation 
 A coprecipitation method is the most common route of synthesis for these materials.  
Along with its simplicity, it is extremely scalable.  In a coprecipitation synthesis, a transition 
metal salt is added to a solution containing WO4
2- ions, resulting in an almost immediate 
precipitation of the desired metal tungstate, as illustrated in Figure 4. 
 
Figure 4:  Coprecipitation scheme of NiWO4 
 Various modifications can be made to this procedure, such as addition of a surfactant8, 
use of solvent mixtures31, changes in rate of addition32,33, or addition under sonication23.  Each of 
these methods aims to optimize some trait of these nanoparticles.  Once the nanoparticles have 
precipitated completely, they are generally washed through centrifugation and then calcinated in 
the range of 400-600℃ for multiple hours29 in order to promote complete coordination between 







 A solid-state approach to metal tungstate synthesis opts to remove a solvent from the 
reaction scheme.  One disadvantage of this approach is that precipitation within a solution 
involves many factors which may not be able to be consistently controlled such as rate of 
addition or temperature of solution.  The Kumari group successfully formed multiple transition 
metal tungstates through this approach by grinding metal chlorides and tungstate salts for 2 
hours, followed by calcinating at 400℃34.  X-Ray Diffraction (XRD confirmed highly crystalline 
products, although average and median particle size was not reported. 
 The Parhi group reported a separate solid-state method with similar materials, opting to 
use a microwave to aid the formation of the metal tungstates before calcination35.  This novel 
method employed the use of a consumer-grade microwave to demonstrate a low-cost method of 
synthesizing these powders.  Standard calcination procedures were taken, and crystalline 




 One application, formation of scintillators, or materials which can convert X-ray light 
into more easily detected UV-light, was approached using a sol-gel method of synthesis.  L. 
Nadaraia and their group investigated forming multiple metal tungstates through this synthetic 
method in order to form nanocrystalline powders36.  This method involves mixing of the salts 
within a solvent, with the addition of some organic phase which helps form a colloid.  The 
solvent is then slowly evaporated away, turning the sol (solution) into a solid phase, referred to 
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as a gel.  This gel is an agglomeration of many nano-sized crystals.  This gel can then be ground 
into a powder and calcinated to form a crystalline product.  The resulting crystals averaged sub-
micron sizes. 
 The Zalga group performed a similar experiment, with the addition of forming 
molybdates.  Tartaric acid was used as a complexing agent, as it is saturated with oxygen-
containing functional groups which can coordinate with metal cations.  Ratios of molybdate and 
tungstate were used with calcium to investigate properties of these combined crystals37. 
 
 
Solution Combustion Synthesis 
 
 A solution combustion synthesis has also been used with great success to form ultrafine 
metal tungstate nanoparticles38.  This synthetic method begins similarly to a coprecipitation 
method, but with the addition of a fuel such as urea.  This solution is then placed in an oven and 
heated at a high temperature until the fuel combusts.  The resulting particles showed sizes 
ranging from 10-20nm with very low variation of 1-2nm depending on the compound. 
 
For this study, a coprecipitation method has been employed, due to its allowance for 
surfactant mediated size control to be used, as well as a hydrothermal step in some experiments.  







1.3 – Applications of Metal Tungstates 
 
As discussed, the varying properties of metal tungstates lends them to a wide field of 
applications.  Their wide band gap provides them with sufficient ability to perform redox 
reactions, and their high surface area allows for great catalytic activity.  Tungstates have been 
applied in the fields of photovoltaics, photochemistry, and photocatalysis, among others. 
 
1.3.1 – Photovoltaic Cells 
 
Photovoltaic cells are a growing area of interest for clean energy generation.  
Semiconducting materials lie at the heart of photovoltaics, as the energy from a photon is 
converted to electricity through the movement of excited electrons5.  Tungstates have shown 
some ability for photovoltaics due to their fine particle sizes and high surface area, which make 
them suitable for dye-sensitized systems4. 
 The Kharat group investigated the efficiency of spray deposited NiWO4 thin films as a 
photovoltaic material, which showed a power conversion efficiency (PCE) of 0.78%, and a fill 
factor (FF) of 0.473.  One large problem with photovoltaics is finding materials which show high 
stability over prolonged periods of use while also having a high power conversion efficiency.  
Dye sensitization is one way to help increase the PCE. 
 The Li group has also experimented with NiWO4 thin films as a photovoltaic material, 
choosing to modify the NiWO4 through doping and coating with graphene as a cocatalyst.  By 
doping NiWO4 with up to 10% copper, it was found that PCE increased by 6×, though FF 
remained low at around 0.4.  FF can be an indicator of the material and also the construction of 
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the cell.  When the bulk NiWO4 was coated with graphene, an increase in PCE of up to 2.5× was 
observed, and FF doubled from 0.21 to up to 0.4539. 
 
1.3.2 – Sensors 
 
 NiWO4 has been explored for sensor applications by the Liu group, which employed a 
hydrothermal synthesis of NiWO4 nanoparticles as an enzyme-free glucose sensor
15.  NiWO4’s 
high surface area and porosity provides the opportunity for large adsorption of glucose in 
solution, which was detected through cyclic voltammetry (CV) and evaluated through 
electrochemical impedance spectroscopy (EIS).  A glassy carbon electrode (GCE) modified with 
the nanoparticles showed enhanced activity for detection of glucose. 
 
1.4 – Photocatalysis 
 
 Photocatalysis is a process in which a reaction becomes more thermodynamically 
favorable in the presence of light.  This process is often mediated by the presence of a 
semiconducting material8,18,38.  The benefits of using a semiconductor to perform these reactions 
is that an electron with a very high level of energy can participate in a redox reaction.  This 
allows for reactions which would not normally happen under standard conditions or at low 
temperatures. 
 Currently, photocatalysis has been demonstrated as a novel method to tackle various 
issues such as energy conversion or the reduction of environmental contaminants.  Reactions 
which participate in energy conversion or formation of energy storing compounds include water 
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splitting10,40,41 and CO2 reduction
12,42,43.  The reduction of environmental contaminants is much 
more broad. 
 A photocatalytic reaction requires two concurrent steps.  When an electron on the surface 
of the semiconductor is excited by light of a sufficient energy, it becomes available to react with 
a species adsorbed to the surface of the particle.  In the valence band, an electron hole is also 
present which must also participate in a reaction to return the semiconductor to its electrostatic 
equilibrium27.  These steps can only take place if the redox reactions are thermodynamically 
favorable.   
 Illustrated in Figure 2, the reduction potential of the species reacting with the electron 
must be at a lower energy than the excited electron, and the oxidized species must have a 
reduction potential above the energy level of the valence band of the semiconductor.  While 
photocatalysis at its core is a process which can be performed via simple metal oxide 
semiconductors, much exploration has been done into optimizing and enhancing photocatalytic 
yields for standard materials.  
 Below, a few different photocatalysis experiments are outlined as performed by various 
groups working with tungstate materials: 
 
 




 Methylene blue is a dye used in biological staining44, as well as an antifungal in 




Figure 5:  Methylene blue ion as found in solution 
 As a strongly conjugated heterocyclic aromatic compound, methylene blue has extremely 
high absorbances in the visible spectrum, with an extinction coefficient of 9.5×104 at 664nm46.  
Methylene blue strongly absorbs in the red visible light region, especially at 610 and 664nm.  
These arise from the benzene ring and the heteropolyaromatic system47.  For this reason, 
methylene blue is an extremely popular dye to use when testing the efficiency of photocatalysts.  
The photocatalyzed degradation of methylene blue is not solely a direct reaction between the 
semiconductor and the dye, but can be a multi-step reaction as outlined below, where ‘SC’ is the 
abbreviation for the semiconductor of study, MB represents methylene blue, and (e-) and (h+) 
represent charge carriers on the surface of the semiconductor48: 
 
1)  SC + hv  →  SC(e-) + SC(h+) 
2)  SC(e-) + O2  →  SC + O2
•- 
3)  SC(h+) + HO-  →  SC + HO• 
or 
4)  SC(h+) + MB*  →  SC + MB+  








 Rhodamine B, abbreviated as RhB, is a dye with versatile applications, such as biological 
staining49 and use for laser-based analysis50.  Figure 6 illustrates the structure of Rhodamine B: 
 
Figure 6:  Molecular structure of Rhodamine B dye cation 
 Rhodamine B is another strongly conjugated compound with multiple benzene groups 
and a heterocyclic portion.  It absorbs very strongly at a wavelength of 554nm51 with an 
extinction coefficient of 1.06×105, and has a strong pink color in dilute concentrations52. 
 A study by the Longo group investigated the morphological effect on photocatalytic 
efficiency for Ag2WO4 on RhB dye
8.  Like the degradation of Methylene Blue, the decay of RhB 
occurs from an oxidative attack.  The active oxygen species are formed through redox reactions 
on the photocatalyst surface.  These oxygen species attack one of the two N-ethyl groups, 
resulting in an N,N,N’-triethylated RhB, which shifts the absorbance to 539 nm.  Further attacks 
can occur at the remaining ethyl groups, leading to N,N’-diethylated RhB with an absorbance of 
522 nm, an N’-ethylated RhB with an absorbance at 510 nm, and finally a completely de-
ethylated RhB with an absorbance at 498 nm.  This creates a shouldering effect, where the 
absorbance at 554 nm will decrease as photocatalysis proceeds, but the shoulder at lower 
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wavelengths will decrease less rapidly due to the higher concentration of partially reacted species 
as a result of the degradation of the fully formed RhB species. 
 




 Tetrazoles are an important class of organic compounds which contain aromatic five 
membered rings composed of four nitrogen atoms and a carbon.  They are generally formed 
through a reaction of a nitrile group with an azide salt, and the reactions often use a catalyst.  The 
Yin group performed an intensive study on multiple tungstate compounds to evaluate relative 
efficiency of catalysis for these compounds6. 
 
Figure 7:  Tungstate catalyzed formation of a tetrazole compound 
 In the case of transition metal tungstates, it was discovered that the coordinated metal 
was not a source of catalytic activity.  It was found that the reactions depended almost entirely on 
the WOx polyhedrons, which existed as the active sites.  Interestingly, higher surface area of a 
catalyst did not correlate to higher yields.  It was proposed that vacant sites on the W atoms 
activate the nitriles and enhance their reactivity to the azides in solution, and that oxygen 
vacancies were the key to increased activity. 
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1.5 – Cocatalysts 
 
 One such optimization for photocatalysts is the addition of a cocatalyst.  A cocatalyst is a 
separate structure which exists at an interface of the main photocatalyst.  This cocatalyst is 
usually light insensitive, helping direct the electron movement from the semiconductor material, 
as the cocatalyst does not have an EG capable of promoting electrons to a much higher energy 
level.  A classic example of this process would be platinum nanoparticles deposited onto the 
surface of TiO2
41,53.  The role of the TiO2 is to absorb light, causing its electrons to be excited.  
As discussed earlier in section 1.1.1, one of the possible outcomes of excitation is the 
recombination of an electron and its hole.  By placing a conductive material on the surface of the 
semiconductor, the electron has an additional path it can travel to.  By traveling to a metal such 
as platinum, the electron is able to relax partially, but maintain an energy level high enough to 




Figure 8:  Mechanism of a cocatalyst assisting a semiconductor in a redox reaction 
In a study by the Yang group41, it was discussed that the fermi level for Pt nanoparticles 
is appropriate for a hydrogen evolution reaction (HER), which is described by the following 
formula: 
2H+ + 2e- → H2 
 The benefit of a conductor-semiconductor junction lies at the creation of a Schottky 
barrier55, in which electrons are able to be quickly transferred away from the semiconductor 
surface and held at the fermi level of the conductor.  This greatly reduces the likelihood of 
electron-electron hole recombination.  It is still important to consider the relative energy levels of 
the fermi level of the conductor and the redox potential of the species being acted upon, 
however. 
 In a study performed by Boz and his group, TiO2 coated with Ag2O nanoparticles was 
investigated for its enhanced photocatalytic activity toward methylene blue dye48.  They 
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proposed that two pathways exist for an excited electron in a semiconductor with a cocatalyst on 
its surface.  In one pathway, the electron can travel directly to an O2 molecule adsorbed to its 
surface, reducing it to O2
- where the superoxide can react with the MB dye to degrade it.  In the 
second pathway, the excited electrons can move to the valence band of Ag2O, reducing the 
recombination rate on the semiconductor.  This was experimentally supported by a higher rate of 
photodegradation with higher amounts of Ag2O on the surface, though a point is reached where 
there is an excess of Ag2O on the surface and the excess Ag
0 on the surface can no longer 
prevent recombination. 
 The proposed mechanism by the Boz group: 
1)  TiO2 + hv  →  TiO2(e
-) + TiO2(h
+) 
2) {   
𝑎)  TiO2(e
−) + O2 →  TiO2 + O2
•−                           
𝑏)  TiO2(e
−) + Ag2O → TiO2 + A𝑔2𝑂(𝑒
−)           
 
2b)  Ag2O(e
-) + Ag+  →  Ag2O + Ag
0 




 A co-catalyst exists as a heterostructure to the main catalyst, and thus it requires 
additional synthetic steps in order to be properly deposited.  There are many different deposition 
methods which have gained favor for their efficiency and ease, though each has its own benefit 










 A typical photodeposition reaction for a metal on the surface of a semiconductor involves 
the suspension of the semiconductor in a solvent in which it remains colloidal.  Alternatively, 
constant stirring can be employed to keep the particles suspended within the solution.  Next, a 
salt of a certain metal is chosen is added to the solution in low quantities.  The quantity of salt 
added relates to the amount of nanoparticles produced on the surface of the semiconductor, as 
well as the size.  Once the mixture is properly homogenized, the solution is exposed to high 
intensity light, which helps promote the reduction of the metals.  The electrons are provided by 
the semiconductor, which results in the deposition of the newly reduced atoms onto its surface.  
 As demonstrated by the Choi group42, this procedure is extremely versatile, and can be 
employed for many widely used co-catalysts such as gold, silver, and platinum.  In the 





 Like photodeposition, electrodeposition involves a solution of the already formed catalyst 
and an ionic form of the proposed co-catalyst.  In an experiment run by the Anicai group, TiO2 
was coated with silver nanoparticles by using what is referred to as a “sacrificial anode” setup36.  
In the experiment, TiO2 nanoparticles were dispersed into a solution along with a stabilizer.  The 
solution participated as an interface between two silver electrodes.  A current was generated, 
activating a migration of TiO2 to the surface of the anode.  Meanwhile, the stabilizer interacted 
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with silver ions near the surface of the anode in order to keep them in solution as ionic silver.  
 Once TiO2 interacted with silver, it was able to be reduced on the surface leaving behind 
silver nanoparticles.  While this method was shown to be effective for depositing silver on TiO2, 
it has not been demonstrated to be a universally applicable procedure for any metal on a 
semiconductor.  Another issue with this method is that it is not scalable, requiring very small 
quantities of a semiconductor to react. 
 
1.6 – Previous Work 
 
 Previous work done by SeyyedAmirhossein Hosseini with my help as an undergraduate 
research assistant expanded the applications of nickel tungstate as a photovoltaic material by 
doping it with copper and also by coating it in graphene.  Each of these techniques were aimed at 
enhancing the electronic properties of the semiconductor to increase charge carrier density and 
improve charge carrier lifetime.  This was intended to take a relatively poor performing material 
and enhance it through small modifications.  All reactions for NiWO4 and its analogues were 
performed through coprecipitation, with the addition of a hydrothermal step58. 
 
1.6.1 – Copper Doped NiWO4 
 
 Copper doped NiWO4 was synthesized by adding stoichiometric ratios of Ni
2+ and Cu2+ 
ions to a WO4
2- solution.  Proper ratios of copper and nickel on the surface of the crystal was 
confirmed by X-Ray Photoemission Spectroscopy (XPS analysis and integrating the peaks of the 




Table 1:  XPS defined elemental ratios on surface of copper doped NiWO4 
 
 As shown in Table 1.1, proper elemental ratios of Ni and Cu appeared on the surface, 
indicating that proper ratios must also be dispersed throughout the inside of the material as well.  
In other words, there is no excess copper or nickel forming their own species on the surface of 
the tungstate.  Furthermore, the oxygen peaks were slightly shifted from their expected values, 
which is possibly due to the different environments of oxygen bound to copper vs. oxygen bound 
to nickel.  Transmission Electron Microscopy (TEM) analysis of the samples also showed a 
crystalline nano-sized structure for the particles as shown in Figure 9. 
 
Figure 9:  TEM images of copper doped nickel tungstate 
Sample Ni W O Cu Cu/Cu+Ni 
3% Cu 16.4 16.3 66.7 0.5 0.03 
6% Cu 15.13 16.8 67.2 0.966 0.06 
9% Cu 15.57 16.5 66.2 1.73 0.10 
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 Along with TEM analysis to assess the size and morphology of the particles, XRD was 
done to give a more definitive analysis of the crystallinity: 
 
Figure 10:  XRD analysis of copper doped NiWO4 
 It was shown that the Cu did not heavily disrupt the structure of the NiWO4, though shifts 
in peaks could be attributed to the replacement of nickel atoms with copper, similar to the 
oxygen peak shifts experienced in XPS. 
With a confirmation of the structure and morphology of the particles, it was possible to 
perform a photovoltaic experiment on them to assess the effect of the copper on the charge 




Figure 11:  Photovoltaic experiment with copper doped NiWO4 
An I-V curve was created under a solar light simulator to explore the power conversion 
efficiency (PCE) of each cell created for the tungstate materials.  Table 2 summarizes the PCE: 
 




The equation to determine PCE is shown below, where FF represents fill factor and η 
represents PCE: 
𝜂 =  𝐼𝑆𝐶 ∗ 𝑉𝑂𝐶 ∗ 𝐹𝐹 
Fill factor can be affected by many parameters and is often an assessment of the cell’s 
quality59, rather than the properties of the nanomaterials under study.  Fill factor is found by 
drawing the largest square under the I-V curve and finding where that square intersects the x and 
y axis.  The squarer the curve is, the better the fill factor.  In the case of the I-V curves generated 
for the copper doped samples, they are practically linear and thus have a very small fill factor.  
This results in a low PCE.   
It was found that the higher the concentration of copper in the NiWO4, the higher the 
PCE.  It was explained the copper is very willing to donate an electron to the conduction band in 
order to relieve strain caused by Jahn-Teller distortion.  In lower concentrations, however, 
copper may be scavenging electrons and reducing charge carrier concentration, resulting in a 
lower PCE.  With the higher concentrations of copper, this distortion allows for a higher 
concentration of charge carriers and thus a higher number of electrons completing the circuit 
even though the band gap of the material was unchanged.  The band gap properties were 




Figure 12:  UV-DRS of copper doped NiWO4 
For the solar cell study, the reduction of PCE at 3% doping was explained by the copper 
atom’s tendency to scavenge for electrons, rather than donate them at low concentrations.  
Dopants changing their properties at varying concentrations is a well known phenomenon11. 
With the success of doping NiWO4 with copper to show greatly increased photovoltaic 
performance, an investigation to the effect of other group 11 elements in NiWO4 was performed.  
Two experiments aimed to investigate the role of a group 11 dopant, one with a larger atom, 
silver, to see the size and oxidation state limits of doping NiWO4.  The other experiment looked 
at doping ZnWO4, another high performing material, with copper to investigate the size 




2 – Synthesis of Group 11 Element Doped Metal Tungstates 
 
 For the purposes of this study, a coprecipitation synthesis of metal tungstates was chosen.  
This was chosen in part for its low cost and quick yield when dealing with small volumes.  
Furthermore, as a coprecipitation reaction is the common method for the synthesis of tungstates, 
it may yield the ability for cross-sectional analysis of the properties of the products when 
compared to literature. 
 The materials used include:  Na2WO4·2H2O (95%) from Alfa Aesar, Ni(NO3)2·6H2O 
(98%) from Alfa Aesar, AgNO3 (Certified ACS) from Fisher Scientific, Zn(NO3)2 (Certified 
ACS) from Fisher Scientific, Cu(NO3)2 (Certified ACS) from Fisher Scientific, Sodium 
Dodecyl Sulfate (ACS reagent ≥99%) from Sigma-Aldrich, Methylene Blue, (high purity, 
biological stain) from Alfa Aesar, MilliQ water, and Ethyl Alcohol (160 proof, Pure) from 
Sigma-Aldrich. 
2.1 – Bulk Synthesis of NiWO4 
 
 Initially, 0.0015 moles of sodium Na2WO4 was measured out to 0.4948g.  This was 
dissolved in 20mL of Millipore water, and allowed to stir until completely dissolved forming a 
0.075M solution.  A corresponding amount of nickel nitrate, 0.4362g, was measured and put into 
a separate beaker of 25 mL and allowed to stir forming a 0.06M solution.  After both beakers 
were allowed to stir until complete dissolution, the nickel solution was added immediately and 
completely to the tungstate solution.   
 A cloudy precipitate of mint green color was formed within 5 seconds, and solution was 
stirred for 30 minutes to ensure a complete reaction.  The precipitate was then centrifuged 
multiple times a 1:1 mixture of ethanol and water at 3k RPM for 10 minutes each cycle 3 times.  
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The washed nickel tungstate was dried in acetone overnight at 90℃.  After this, the sample was 
annealed in atmosphere at 550℃ for 5 hours.  The mint green precipitate transitioned to a dull 
grayish-tan after sintering. 
 
2.1.1 – Hydrothermal Synthesis of NiWO4 
 
 The hydrothermal synthesis of NiWO4 is nearly identical to that of the bulk synthesis, 
with the addition of a heating step.  After the precipitation reaction, the solution was transferred 
to a hydrothermal reactor and heated at 190°C for 24 hours.  Subsequent steps are identical to the 
bulk synthesis. 
 
2.1.2 – Copper Doping of NiWO4 
 
 Copper doping of NiWO4 involved a coprecipitation of a stoichiometric ratio of WO4
2- 
ions with Ni2+ and Cu2+ ions.  This coprecipitation took place in an aqueous solution as described 
in Section. 1.6.1. 
 
2.1.3 – Silver Doping of NiWO4 
 
 Silver doping of NiWO4 was carried out through a coprecipitation method with silver 
ratios of 2x:1˗x:1 of Ag(NO3):Ni(NO3)2:Na2WO4, where ‘x’ represents the % of doping.  Sodium 
dodecyl sulfate (SDS) was used as an anionic surfactant.  A general frame of this synthesis was 
kept consistent throughout all experiments, though many factors were changed between each 
sample.  The synthesis involved two initial solutions, one which contained Na2WO4 and SDS in 
a round bottom flask, and one which contained the Ag(NO3) and Ni(NO3)2 with or without 
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additional SDS.  Both of these solutions were stirred and sonicated for several minutes in order 
to assure dispersion.  Finally, the Ag+/Ni2+ solution was added to the WO4
2- flask and was stirred 
for 30 minutes.  
 Following complete reaction, the solution was washed via centrifugation at 3k RPM for 
10 minutes.  At least three cycles were carried out with a 1:1 ratio of H2O:EtOH, though 
depending on the SDS concentration used, additional cycles were performed until SDS bubbles 
were no longer forming in the supernatant liquid.  The sample was then suspended in acetone 
and dried at 80℃ overnight.  The dried sample was then crushed in an agate mortar and pestle, 
and calcinated for 5 hours at a temperature between 230℃ and 550℃.  Below is a table of 
various trials which have been performed and the parameters of the experiment.  Multiple levels 
of doping may have been studied in each batch. 
Table 3:  Concentrations of SDS used in cationic and anionic solutions for synthesis of silver doped NiWO4 
Batch [SDS] in WO4
2-  
(mmol) 
[SDS] in cation 
(mmol) 
Calcination 
Temperature (°C)  
1 0 0 230 
2 120 0 230 
3 120 0 550 
4 120 6 230 
5 120 6 550 
6 0 0 550 
7 120 10 380 






2.2 – Bulk Synthesis of ZnWO4 
 
 Stoichiometric amounts of Zn(NO3)2 and Na2WO4 were measured.  Initially, the Na2WO4 
was dissolved in a 20mL solution of 2:1 water:ethanol, along with 50mg of SDS.  The solution 
was stirred for 10 minutes, and then transferred to a sonication bath.  The sonication was set for 
30 minutes, at which time the Zn(NO3)2 was added to the flask and left to react.  Following 
sonication, the resulting precipitate was washed, dried, and calcinated with the standard 
procedure outlined in the NiWO4 synthesis. 
 
2.2.1 – Copper Doping of ZnWO4 
 
 Doping of ZnWO4 with copper was performed through a hydrothermal synthesis 
involving the coprecipitation of a stoichiometric ratio of Cu2+/Zn2+ and WO4
2-
 to form Cux-
Zn1˗xWO4.  The WO4
2- ions were dispersed in 25mL of this solution, along with 50mg of SDS.  
In a separate beaker, the Cu2+ and Zn2+ ions were dispersed in 5mL of the mixture.  After the 
SDS/WO4
2- solution was allowed to stir and completely disperse for 15 minutes, the Cu/Zn 
solution was added instantaneously to the anionic solution.  This resulting mixture was allowed 
to stir for 30 minutes, and then transferred to a hydrothermal reactor where it was heated to 
190℃ for 24 hours.  Following the heat treatment, the nanoparticles were washed in a 1:1 
mixture of H2O:EtOH at 3k RPM for 10 minutes.  This washing procedure was repeated 3 times.  
The nanoparticles were then dispersed in acetone and dried in an oven at 80℃ overnight.  They 
were then crushed and calcinated at 550℃ for 5 hours. 
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 It was seen that at increasing levels of copper within ZnWO4, the color shifted from a 
pure white to a brown hue: 
 













3 – Characterization of Group 11 Modified Nickel and Zinc Tungstates 
 
 In order to confirm the structural, compositional, and electronic properties of these 
materials, a variety of characterization techniques were performed.  For the confirmation of 
structural properties, Transmission Electron Microscopy (TEM) and X-Ray Diffraction (XRD) 
were performed.  These techniques were useful to gauge both the average particle size and also 
the crystallinity of the samples.  The compositional properties of the nanoparticles were 
confirmed by X-Ray Photoemission Spectroscopy (XPS) and Infrared Spectroscopy (IR).  XPS 
and IR allowed for confirmation of surface ratios of elements for our samples, which is 
especially useful in characterizing the doped tungstates.  UV-Diffuse Reflectance Spectroscopy 
(UV-DRS) was used for the analysis of the electronic properties of the samples.  All analysis was 
done at Ball State University, with the exception of XPS, UV-DRS, and XRD, which were 
performed by Seyyedamirhossein Hosseini at Indiana University Bloomington and data used 
with permission.  This data was provided by the Dennis Peters group as part of a collaboration. 
 
3.1 – Silver Doped NiWO4 
 
 Silver doping was carried out in a similar method to the doping of nickel tungstate with 
copper.  Due to the success of previous lab member Seyyedamirhossein, there was a justification 
for a continuation of the project with the same methods.  As will be shown in the results, doping 
of nickel tungstate with silver through the same methods employed for copper is not feasible, 
though interesting results have emerged which have potential for future studies.  Figure 14 shows 





Figure 14:  Scheme for synthesis of different silver doped NiWO4 morphologies 
 
3.1.1 – Hollow Nanospheres 
 
 For batch 4 described above, hollow nanospheres were formed through what is believed 
to be a soft-templated nucleation.  The anionic head of the surfactant SDS has an affinity toward 
metal cations60.  In Xie’s study, hollow spheres of a similar size ~100nm were reported through a 





Figure 15:  A double vesicle system formed by SDS in solution.  Sulfate heads are hydrophilic and can interact with cations in 
solution to form a soft template.  WO42- is shown in yellow, SDS in pink, Ag+ in purple, and Ni2+ in green. 
To achieve this template, multiple preliminary steps are taken in the scope of the 
synthesis to ensure its formation.  In the samples with confirmed hollow spheres, first silver and 
nickel (II) cations were dispersed in an SDS solution below its critical micelle concentration 
(CMC), leading to the interaction of silver and nickel with the sulfate heads.  Next, the solution 
of SDS-complexes is added to the tungstate solution which has a concentration of SDS many 
times higher than the CMC.  Once these double vesicles form, the tungstate ions precipitate with 
the silver and nickel cations still in solution to form a precipitated metal-oxide material.  It is 





Figure 16 shows TEM images of the hollow spheres formed by this soft template method: 
 
Figure 16:  TEM images of batch 4, showing aggregations of hollow nanospheres ~80-120 nm in size 
 The dark edges but light centers of the nanoparticles are classic features of hollow bodies.  
While a strong argument can be made toward the spherical nature of these particles simply from 
TEM images, an AFM study done by Cody Leasor in the group provides further evidence to the 




Figure 17:  Acoustic AFM images of hollow nanoparticles, axes are to scale 
 AFM imaging of the hollow nanoparticle aggregates further demonstrates uniform size 
distribution, as well as relatively smooth surfaces.  A complete distribution of rounded surfaces 
provides remaining evidence that nanoparticles are spherical in nature.  XRD analysis of these 
hollow nanospheres shows a predicted amorphous structure: 
 
Figure 18:  XRD analysis of hollow nanospheres.  The nanospheres show amorphous characteristics 
 A series of experiments were performed on these hollow nanoparticles to observe how 
they form, and at what temperature they decompose.  In a separate analysis performed with batch 
5, under the same synthetic conditions but different calcination conditions, solid nanocrystals are 
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formed as opposed to hollow nanospheres.  Temperatures were varied by 50 degrees C from 230-
430 until decomposition of the hollow spheres occurred.  Below are TEM images of each 
sample: 
 
Figure 19:  Silver doped nickel tungstate from batch 4.  Each sample was calcinated at a different temperature: a) no calcination; 
b) 230°C; c) 280°C; d) 330°C; e) 380°C; f) 430°C, g) 480°C 
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 The TEM analysis shows that hollow spheres form in solution, as opposed to part of a 
process activated by a large amount of external energy.  One notable feature of the sample which 
was not calcinated is that although the hollow spheres form, they have extremely rough surfaces.  
This roughness disappears as higher temperatures are approached, representing the possible 
decomposition of Ni-OH and Ni-O on the surface.  This can also be seen in the color of the 
samples themselves, which transition from a mint green to a sandy beige.  The nanoparticles do 
not appear to change drastically between 230-330°C.  At 380°C, an altered surface appearance 
can be observed in which the surface becomes less varied and the edges of the nanoparticles 
become more pronounced.  Finally, at 430°C, collapse of the nanoparticles occurs and silver 
spots can be observed clearly on the surface of the new particles.  These nanoparticles exhibit a 
wide range of shapes and sizes, which finally form larger and more uniform particles at 480°C. 
 An IR-spectrum was taken for each of these samples to assess the surface presence of 
different species and the changing of their presence with differing calcination temperatures.  IR 
studies were performed with a Perkin Elmer Frontier FT-IR Spectrophotometer using the 




Figure 20:  IR spectra of hollow nanospheres based on calcination temperatures 
 As shown in the TEM images previously, the hollow nanospheres persist until 430°C, 
and IR-spectrum (Figure 22) shows there are a few features which begin to disappear at that 
temperature.  The O-H stretch in the IR spectra between 3000-3600 cm-1 can be indicative of 
moisture in the sample16.  A sharp peak at 1625 cm-1 also corresponds to weak O-H vibrations 
from water.  As temperature of calcination increases, the peaks associated with moisture begin to 
disappear.  A broad peak at 730 cm-1 appears in samples with low calcination temperatures but 
disappears at higher temperatures.  This is potentially a mixed state of multiple W-O-W 
environments between WO4 and WO3, which could exist at low temperatures due to incomplete 
coordination between nickel/silver and tungstate21,61. 
 As calcination temperature increases, the band at 730 cm-1 begins to become less broad 
































tungstate at a high enough temperature.  At a threshold temperature of 430°C, sharp peaks at 810 
cm-1 and 650 cm-1 replace the broad peak at 730 cm-1, and the spheres collapse into crystals.  The 
peak at 810 cm-1 corresponds to a W-O stretch in WO4
2-, while the peak at 650 corresponds to 
the O-W-O vibration16.  A peak which may be buried in the signal at 830 cm-1 would also relate 
to the O-W-O vibration.  Unlike the samples between 230°C and 380°C, these bands do not 
change further upon more drastic heating. 
 A distinct peak at 999 cm-1 appears in two samples, which are 380°C and 430°C, which is 
the transition point between spheres and nanoparticles.  This peak corresponds to a (WO6)
6-
 
vibration25.  In lower calcination temperatures, this peak may be buried due to the mixed state, 
but this peak becomes distinct only in the 430°C sample.  The TEM image of this sample reveals 
an extremely varied environment, indicating that the sample may not be totally crystalline. 
 To experiment with the optimal amount of silver to form the spheres, 3%, 6%, and 9% 




Figure 21:  3% silver doped NiWO4 hollow spheres 
 The spheres synthesized in the 3% batch show a fairly uniform size and shape 
distribution, though a histogram was not created. The samples were deposited on the carbon film 
coated copper grids (Electron Microscopy Sciences, Carbon Film 400 Mesh-Cu) and then 
characterized by transmission electron microscopy (TEM, JEOL JEM-1400, 120 kV) to 
characterize particle shape, size and morphology for each sample below. 





Figure 22:  6% silver doped NiWO4 hollow spheres 
 The 6% batch begins to show signs of advanced aggregation.  The ‘spheres’ are now 
more like amorphous hollow vessels, though still show rounded features as though there has 
been a merging of the materials.  As it has been confirmed earlier that even before calcination the 
spheres are present, this can only have occurred during the initial mixing step, showing a 
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dependence on the ratio of silver to SDS in solution.  This can also be confirmed by the 9% 
sample shown below: 
 
Figure 23:  9% silver doped NiWO4 hollow spheres 
 At 9% silver addition, there is no longer a discernable shape for the nanoparticles.  
Certain spherical features can be made out, indicating that proto-spheres may have been 
beginning to form in solution, but were unstable. 
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 With no silver, hollow spheres are not present, though with too much silver the hollow 
spheres also are not present.  It is shown that a 3% ratio of silver to nickel is an optimal 
configuration for the stable formation of these hollow spheres, along with low calcination 
temperatures below 380°C.  One reason why 0% silver may be incapable of forming hollow 
spheres is that nickel sulfate has a relatively high solubility in water, while silver sulfate has a 
relatively low solubility62.  This would suggest that the soft template mainly coordinates with 
silver atoms to form a dispersed layer of silver across a double membrane of SDS.  The SDS 
does not precipitate out of solution with silver, as it is coordinated to many other SDS molecules 
to maintain its stability in solution.  Once this solution is added to the tungstate solution, the 
dispersed layers of silver on SDS can precipitate with tungstate, which also precipitates nickel in 
the form of a silver-nickel tungstate. 
 
3.1.2 – Crystalline Silver Doped NiWO4 
 
 While the procedure for forming crystalline silver doped nickel tungstate is identical to 
that of undoped nickel tungstate, the resulting crystals have an unexpected feature.  As will be 
described later, it is suspected that under intense heating at 550℃, the greatly outnumbered 
silver ions are ejected from the nickel tungstate crystal in a phenomenon referred to as dopant 
migration.  Dopant migration is a thermodynamic process which occurs when an energy barrier 
is crossed63, though even mild calcination temperatures of the silver doped nickel tungstate 




Figure 24:  An illustration of dopant migration post-calcination.  Yellow represents NiO groups, green represents WO3 groups, 
and purple represents silver 
This results in crystals which are identical to bulk nickel tungstate, but which have an 
additional feature as can be seen in TEM images in Figure 25. 
 
Figure 25:  TEM images of batch 5 nanoparticles showing a heterostructure.  Dark structures are silver on the surface of the 
nickel tungstates. 
 The structures above demonstrate a heterostructure, though TEM is not sufficient to 
classify the structure of these crystals.  To further assess these materials, XPS was performed to 
look at atomic ratios of silver and nickel at the surface of the tungstate nanoparticles.  In an ideal 
doped system, we would see an elemental ratio of 2x:1-x:1 of Ag:Ni:W.  In the highest doping 
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amount studied, which is 9%, an elemental ratio of 16.5:83.5 of Ag:Ni would be a maximum 
expected value.  Figure 26 shows XPS analysis of 3 samples from batch 5, and SDS assisted 
synthesis, showing an unusually high and unexpected presence of silver on the surface of the 
crystals.  All data was processed through the Multi Pack software. 
 
Figure 26:  XPS graph showing atomic ratios of silver and nickel for 3%, 6%, and 9% silver doped nickel tungstate from batch 5.  
 The y-axis represents counts per second (cps), and can be considered an arbitrary unit.  
All values in the scan are normalized to each other, so that a baseline correction can be made to 
the peaks and an integration can be performed.  The relative area underneath each peak allows us 
to assess atomic ratios on the surface of the crystals.  All values for binding energy have been 





XPS of Silver Doped Nickel Tungstate
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Table 4:  XPS based elemental ratios on surface of silver doped NiWO4 
 
 
Figure 27:  Relative atomic presence of elements in doped NiWO4 sample
 Given the high ratio of silver and nickel, while there is also an observable near 1:1 ratio 
of nickel to tungsten, it is more probable that silver has moved to the surface and is no longer 
coordinated with tungsten, instead forming metallic silver.  A comparison of the ratio of silver on 











Atomic Ratios of Silver Doped Nickel Tungstate
Ag Ni W O
Doping of Silver O1s W4f Ni2p Ag3d 
3% 67.97% 13.83% 14.38% 3.82% 
6% 66.70% 15.43% 13.83% 4.04% 
9% 65.41% 14.14% 14.19% 5.76% 
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Table 5:  Theoretical vs. Experimental ratios of nickel and silver in silver doped NiWO4 
Doping of Silver Theoretical Ni : Ag Experimental Ni : Ag 
3% 94.17 : 5.83 79.01 : 20.99 
6% 88.68 : 11.32 77.39 : 22.61 
9% 83.49 : 16.51 71.13 : 28.87 
 
One additional observation which supports this possibility is the observable shift in color 
of the nanoparticles when exposed to light.  After several hours of normal light exposure, these 
nanoparticles become a dull gray and sometimes purple color.  This can indicate the reduction of 
silver by light, non-silver samples do not demonstrate this shift. 
  
Figure 28:  XPS of W4f electrons in silver doped NiWO4 
 The W4f orbital helps assign the oxidation state of tungsten, either being W+5 indicating 
the presence of WO3 or W
+6 indicating the presence of WO4
2-.  In the cases of the 3% and 6% 
samples, we have a mixture of the two states, shifting the peaks to a slightly higher energy level 
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and filling in the gap between the peaks64.  The W5+ peak is hidden beneath the W6+ peak, 
causing a distortion.  In the 9% sample, two sharp symmetrical bands appear with a low valley 
between them.  It has been noted in other studies that unreacted WO3 can sometimes form a film 
on the surface of a tungstate semiconductor61, which is what is observed in this case.  As the 
amount of silver on the surface increases, the amount of WO3 increases, which correlates to the 
lower amount of nickel in the sample able to coordinate to form NiWO4.  The relatively equal 
amount of Ni and W atoms on the surface indicates that NiO may also be present in small 
quantities. 
 
Figure 29:  XPS of Ni2p electrons in silver doped NiWO4 
 The Ni2p orbital represents the electrons responsible for coordinating with the tungstate’s 
oxygens, and is used to compare relative abundance to tungsten.  In the case of all 3 samples, the 
ratio of nickel to tungsten on the surface is close to 1:1, indicating a proper mixture and 
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Figure 30:  XPS of Ag3d electrons in silver doped NiWO4 
 Silver’s 3d orbital shows two peaks in an XPS spectra, one corresponding to Ag3d5/2 and 
one corresponding to Ag3d3/2.  The peak locations of silver are in good agreement with Ag0 
nanoparticles, which should appear at values of 374 and 368 eV57.  The resolution of this 















Figure 31:  XPS of O1s electrons in silver doped NiWO4 
 The O1s orbital would normally apply to the oxygen bonded between the Ni and W 
atoms, but since the sample has been doped we can see how the energy values of the oxygen 
atoms change based on the amount of dopant present.  In this case, we observe that there is very 
little silver in the matrix of the nickel tungstate, as much has moved to the surface.  Furthermore, 
looking at the atomic ratios of silver and nickel when compared to tungsten at the surface, it is 
very unlikely that Ag2WO4 is present in large quantities.  Instead, what is likely is that some 
silver species is on the surface.  In this case, the observed shift of the O1s peak with increasing 
amounts of silver suggests that a species of Ag2O exists in varying quantities on the surface, 













Figure 32:  IR of SDS assisted silver doped NiWO4 
 An important feature which differentiates batch 5 from batch 6 is the presence of SDS, 
which has been shown to affect silver in solution.  In the TEM images of this batch, heavy 
deposition of silver can be observed in some “hotspots” of crystals, but other crystals are bare.  It 
is likely that during the washing process, the SDS and silver which has not precipitated from 
solution deposits itself on the surface of some nanoparticles, and during calcination the SDS is 
removed leaving silver on random nanoparticles.  In higher doped amounts of NiWO4, the IR 
indicates the presence of S=O bonds, showing that while the SDS may have hydrolyzed to 
dodecanol and sulfate, not all of the sulfate may have been removed.   
The IR-spectrum also indicates that there is potentially a mixed state of WO4 and WO3 in 
the higher doped samples due to the lack of coordination of silver with WO3 which would form 






















presence in solution with SDS, many sites in WO4
2- are left uncoordinated, and transition to WO3 
during calcination treatment.   
To investigate the effect of SDS on the presence of silver on the surface, and confirm the 
dopant migration process, another batch was prepared without any SDS, an IR-spectrum is 
shown in Figure 33. 
 
Figure 33:  IR spectra of silver doped NiWO4 nanoparticles 
 The features of the doped nanoparticles are largely the same, though the downward shift 
of the spectra at higher wavenumbers indicates an increased amount of scattering, which can be 
attributed to the increased presence of metals on the surface, which increases the roughness and 
surface area of the nanoparticles.  The scattering in the 3% and 9% samples is not a drastically 
different as the 3% and bulk sample, though TEM and XPS data shows that the silver surface 






















 A combination of these three analytical methods confirm that we do not see proper 
doping of the bulk structure with silver, but rather that silver can act in very different ways 
depending on the synthetic method.  However, the exploration of doping NiWO4 with silver lead 
us to the discovery of a new route to synthesize metal-at-semiconductor nanoparticles.  
The study of cocatalysts which exist as a junction between a semiconductor and a metal 
is a field which is often employed for photochemistry.  Currently, some studies employ a 
deposition of metal nanoparticles onto the surface of a crystalline semiconductor in solution.  
The function of these cocatalysts depends partially on the interface between the two materials, 
which must have a relatively large area in order to allow for electron transfer between the two 
materials.   
 While some formations of cocatalysts require a sophisticated method to ensure a strong 
interface between the two materials, the method for these silver/nickel tungstate cocatalysts 
allows for a simple one-pot synthesis of a material with an intrinsic junction.  Further studies 
may be warranted to investigate other systems which may be able to be formed through similar 
mechanisms. 
 
3.1.3 – Mild Condition Synthesis 
 
 With the above results showing the possible outcomes of a failed doping of silver 
nanoparticles, a new set of conditions was explored to assess the structure of the nanoparticles 
under mild heating.  Since dopant migration is a thermodynamic process65, calcination 
temperature was a key factor to manipulate to try to prevent this outcome.  Calcination is a 
process to form a more ordered structure, and to transform the materials from an amorphous 
phase to a crystalline phase.  Furthermore, IR spectra of the NiWO4 at low calcination 
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temperatures (Figure 20) indicates the probable presence of uncoordinated metal oxides such as 
nickel and silver oxide on the surface.  Pre-calcinated samples indicate presence of nickel 
hydroxide by the mint green color of the catalyst.  This color completely disappears after heating 
beyond 280°C. 
 A Thermogravimetric Analysis (TGA) by the Trushnikova group reveals that the 
temperature of decomposition in standard atmospheric conditions occurs around 260°C66.  This 
represents the minimum temperature required for calcination of the doped samples.  During the 
study on the thermal stability of the hollow nanospheres, collapse was not observed until well 
above 350°C.  The most pronounced and clear nanospheres were formed at 380°C while also 
avoiding the appearance of silver nanoparticles on the surface.  Using this information, the 
nanoparticles were synthesized with an SDS surfactant-mediated procedure described by batch 7, 
where they were calcinated at 380°C.   
 
Figure 34:  TEM images of batch 7 samples.  a) Calcinated at 380°C; b) Calcinated at 550°C 
 At 380°C (a) nanoparticles can be observed with no agglomeration of smaller particles on 
the surface.  An amorphous shape is observed, though some ordered structure and uniform 
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particle thickness is also apparent.  To verify the presence of silver somewhere within the 
sample, a second portion of the same sample was calcinated at 550°C (b), a temperature which 
previous experiments have guaranteed to force any internal silver to the surface of the tungstate 
nanoparticle.  It was observed that silver did indeed migrate to the surface at higher 
temperatures, while there was no apparent formation of silver nanoparticles observed on the 
surface of sample (b). 
 XPS and XRD analysis was performed to verify the elemental distribution and 
crystallinity.  For reference, the doping percentage of the sample analyzed was 3%, which can be 
written as Ag0.06Ni0.97WO4.  The expected XPS elemental ratios for a 3% doped  
sample are shown in Table 6. 








 Additionally, it can be calculated that an appropriate atomic ratio of Ni2p electrons to 
W4f electrons would be 0.48:0.52.  Below is the actual XPS spectra of sample (a): 








Figure 35:  XPS data for 3% silver doped NiWO4 calcinated at 380°C 
 This spectrum consists of an average 3 different samples of the same material to assess 
uniformity.  A table of integrated values to represent the relative atomic percentages is shown 
below: 
Table 7:  Experimental relative presence of elements on surface of amorphous 3% silver doped NiWO4 
 Relative Presence 
 1 2 3 
W4f 15.9% 14.9% 15.2% 
Ni2p 15.6% 14.8% 14.4% 
O1s 65.7% 67.2% 66.6% 
Ag3d 2.8% 3.1% 3.9% 
    












The data shows a silver presence between 3x and 4x higher than predicted, while Ni:W ratios are 
also higher than predicted.  The high surface presence demonstrates a clear migration of the 
dopant, while high atomic ratio of Ni:W shows that most W is coordinated to Ni, and the Ag 
which is present is mostly uncoordinated to the W.  Another way to interpret the relative surface 
presence of tungstate species vs. possible silver/silver oxide species is to look at the expected 
number of oxygen atoms per tungsten atom.  Ideally, every tungsten atom should account for 4 
oxygen atoms.  In this case, the relative presence should be represented by the following table, 
under the assumption that each percentage would equal one “count” of an atom.   The table 
below approximates expected oxygen counts based on the tungsten counts for each sample. The 
O unaccounted atoms are calculated by comparing the relative presence of O on table 7 and table  
8. 
Table 8:  Relative tungsten and oxygen presence on surface of amorphous 3% silver doped NiWO4 
 Relative Presence 
1 2 3 
W 15.9 14.9 15.2 
O 63.6 59.6 60.8 
O Unaccounted 2.1 6.6 5.8 
  
One additional consideration for the excess oxygen on the surface is the presence of 




Figure 36:  XPS of O1s electrons in amorphous silver doped NiWO4 
 The O1s orbital shows a mixed state of oxygen environments, which is trademarked by a 
peak with a sharp end and a broad end on either side61.  This indicates at least two separate states 
contributing to the peak.  In the IR analysis of doped NiWO4 at 380°C, multiple O-H related 
peaks were present in the spectrum, as well as a distorted W-O stretch.  This XPS data along 
with the IR analysis supports the presence of a mixed oxygen environment, probably originating 








Figure 37:  XPS of W4f electrons in amorphous silver doped NiWO4 
 The W4f orbital also shows a mixed state of tungsten environments, confirming the 
mixture of WO3 and WO4
2-.  The IR spectra of these samples at different temperatures suggest 
that the transition at 430°C is most likely promoted by the coordination of metal oxides to form 
tungstates, which is supported by this XPS data.  This data shows a majorly mixed state, while as 
discussed earlier WO4
2- should show two very sharp peaks with a deep valley between them, 








Figure 38:  XPS of Ni2p electrons in amorphous silver doped NiWO4 
 
 
Figure 39:  XPS of Ag3d electrons in amorphous silver doped NiWO4 
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 The Ni2p and Ag3d XPS graphs both show mixed states with a broad edge at higher 
binding energies, suggesting that there are mixed amounts of Ag2O and NiO and potentially Ag
0, 
Ag2WO4, and NiWO4.  This also suggests that the O-H bands in the IR (Figure 20) are not solely 
due to moisture on the surface of the sample, but could indicate metal oxide and hydroxide 
vibrations. 
 Two silver peaks represent the 3d orbital, and a trailing toward a higher binding energy in 
both peaks indicates a mixed state for silver in the matrix.  Multiple silver/silver oxide species 
are likely to exist on the surface.  Below is a comparison of the silver states of crystalline NiWO4 
with silver on the surface vs. the amorphous Ag/NiWO4 composite. 
 
Figure 40:  XPS of Ag3d orbital for amorphous vs. crystalline silver doped NiWO4 
 Comparison between the Ag3d orbital for the amorphous samples calcined at 380°C 
versus the crystalline samples calcined at 550°C help to contrast the peaks of silver dominated by 
a single state, rather than multiple. 
363368373378
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 XRD was performed to assess crystallinity of the structure.  A Cu-K𝛼 X-ray source was 
used for all measurements.  The y-axis values should be understood as arbitrary units.  The x-
axis represents angle of incidence for the rays, and is in the units of 2𝛳.  The data shows multiple 
structures, with peaks not corresponding to NiWO4 present. 
 
Figure 41:  XRD of amorphous 3% silver doped NiWO4 
 
3.2 – Zinc Tungstate 
 
 To assess the effectiveness of doping zinc tungstate with copper, XRD, XPS, and TEM 
were performed.  XRD and TEM allow for an assessment of crystallinity and uniformity of each 
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species, while XPS allows for a quantitative analysis of the relative abundance of each species on 
the surface of the semiconductor.   
 
Figure 42:  TEM images of undoped ZnWO4 
 





Figure 44:  TEM images of 6% copper doped ZnWO4 
 
 
Figure 45:  TEM images of 9% copper doped ZnWO4 
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Unlike doping NiWO4 with the silver, doping ZnWO4 with copper results in crystalline 
samples with no discernable heterostructures.  Even at high doping levels, the copper does not 
migrate out to the surface and form independent nanoparticles.  All surfaces of the bulk and 
doped nanoparticles are clean, indicating a uniform surface.  TEM is a qualitative analysis, 
therefore XRD was performed to probe deeper into the crystalline nature of the sample..  The y-
axis values are unlabeled, but should be understood as arbitrary units. 
 
Figure 46:  XRD of undoped ZnWO4 
 In comparison to literature68 it can be seen that all major peaks associated with ZnWO4 
are accounted for, and we observe good crystallinity.  The respective miller indices for the 
material have been assigned to each peak.  In subsequent spectra (Fig. 47-49) peaks are 
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Figure 47:  XRD of 3% copper doped ZnWO4 
 
 
Figure 48:  XRD of 6% copper doped ZnWO4 
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Figure 49:  XRD of 9% copper doped ZnWO4.  CuWO4 features are labeled 
 The 3% and 6% copper doped samples show no discernable traces of CuWO4, which 
suggests that it sits within the crystal distributed with a degree of homogeneity, it is not until the 
9% doping sample where peaks which correspond to CuWO4 emerge.  This may indicate 
incomplete coordination of Cu within the sample, leading to some independent CuWO4 
structures. 
 To probe the elemental nature of the material, XPS analysis was done in order to quantify 
the relative abundance of each species on the surface of the nanoparticles.  Similar to NiWO4, the 
XPS focuses on the W4f, O1s, Zn2p, and Cu2p electrons.  The height of the peaks corresponds 
to the counts per second (cps) and can be regarded as an arbitrary unit.  In order to appraise the 
relative presence of each atom, integrals of the peaks were performed after baseline correction.  
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Figure 50:  XPS of W4f electrons in doped ZnWO4 
 
 
Figure 51:  XPS of Zn2p3 electrons in doped ZnWO4 
2631364146
Binding Energy (eV)















Figure 52:  XPS of Cu2p electrons in doped ZnWO4 
 
 
Figure 53:  XPS of O1s electrons in doped ZnWO4 
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 Unlike the silver doped samples of NiWO4, sharp W4f peaks are maintained in all 
samples, indicating a majority presence of W6+ oxidation state.  The Cu2p peaks grow in an 
expected manner according to the increased amount of doping, while the Zn2p3 peaks shrink by 
comparison.  The O1s peak broadens, indicating multiple electronic environments felt by the 
oxygen atoms.  This corresponds to the increased abundance of Cu in the matrix, which has a 
higher electronegativity than Zn and causes the electrons in the oxygen atoms to have slightly 
different binding energies.  
  
Figure 54:  IR spectra of copper doped zinc tungstate samples 
 The IR spectra for the doped samples show a very similar surface environment for all 4  
samples, and very similar amounts of scattering indicating a uniform structure between all samples.  
The peaks and bends at 3435 cm-1 and 1645 cm-1 correspond to water on the surface of the 
nanoparticles, which is minimal. 































Figure 55:  UV-DRS Data for Copper Doped ZnWO4 
 The data above shows a Kubelka-Munk corrected graph for the extrapolation of the direct 
band gap of the samples.  Extrapolation of band gap can be taken by performing a linear fit of the 
downward sloping portion of the graph, and finding an interception point for the subsequent 
leveled portion of the graph.  The x-value of the interception point represents the direct band gap 
value.  The band gaps calculated for the 3%, 6%, and 9% doped samples are 4.0, 4.2, and 4.2 eV 
respectively. 
 
 Multiple samples have been synthesized for both nickel and zinc tungstate with 
modifications by silver and copper.  While a properly doped silver-nickel tungstate sample was 
prepared, multiple alternate samples with potentially high activity were created instead.  A 
cocatalyst and hollow sphere system both show potential for higher activity when compared to the 
bulk material.  It has been shown that a size dependence may exist for the doping of NiWO4 with 

























be properly doped with copper, which shares a similar atomic radius.  Copper doped zinc tungstate 
was prepared and XPS and XRD data provided by Seyyedamirhossein Hosseini shows even atomic 
presence of copper at the surface of zinc tungstate while preserving zinc tungstate’s crystallinity. 
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4 – Photocatalysis of Methylene Blue with Tungstate Samples 
 
A series of photodegradation reactions were performed to assess the change in efficiency 
based on the morphology and doping level of the samples.  In the case of the nickel tungstate and 
the co-catalyzed nickel tungstate, an assessment for the effect of the co-catalyst was analyzed.  
For the copper doped zinc tungstate, the effect of the copper dopant was under analysis. 
Methylene blue was chosen as the dye to be studied, as it is prevalent in literature dealing 
with metal tungstates2,48.  For this reason, the results of the papers could be independently 
confirmed, as well as used as a guide for the preparation of the experiments to be performed.  All 
photocatalysis experiments with methylene blue were performed under a 300W Xenon lamp in 
the arrangement shown below: 
 
Figure 56:  Photodegradation experimental setup 
 Pictured is three samples with stir bars held in a crystallizer dish filled with water.  Upon 
every measurement of the sample, the water in the crystallizer was replaced to maintain a low 
temperature.  Finally, a reflective box was placed around the lamp and aimed at the sample to 
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maximize the amount of light exposed to the sample.  In some tests, a 295 nm cutoff filter was 
employed to limit the amount of high energy light from hitting samples. 
Samples were covered with a Pyrex dish to prevent loss of solvent.  25mL of a 1.4 x 10-
5M solution of methylene blue was combined with 5mL of Millipore water containing an amount 
of the catalyst, and then sonicated and stirred for 30 minutes to ensure complete adsorption of the 
dye to the catalyst surface and complete dispersion of the catalyst in solution.  Figure 56 shows a 
graph of the percent transmittance of light through the Pyrex dish by wavelength.  This data was 
collected by placing the pyrex dish in front of the UV-source in the same spectrometer used for 
the subsequent experiments. 
The maximum transmittance is 38.34% of light intensity at 340 nm.  The cutoff 
wavelength, defined as the point where 50% of the maximum light is transmitted, is at 301 nm.  
When the filter is added to the setup, the maximum transmittance decreases to 33.43% at 351 nm 
of light, and the cutoff wavelength shifts up to 309 nm.  
 
Figure 57:  Transmittance of light through lamp filters 
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Prior to exposure to the xenon lamp, a 3mL aliquot of each sample was taken and 
centrifuged to remove the catalyst.  UV measurements were performed with an Agilent G1103A 
UV Spectrophotometer.  Every subsequent measurement followed the same procedure of 
removing a 3mL aliquot of solution and centrifuging out the catalyst.  A preliminary catalyst 
loading experiment was performed without the filter to find the optimal concentration of catalyst 
in solution.  This experiment involved illuminating the samples for 60 minutes and comparing 
relative degradation with each load. 
 
Figure 58:  Catalyst loading curve for methylene blue tungstate experiments 
Figure 60 is corrected to show no photodegradation of methylene blue under the xenon 
lamp.  The true uncatalyzed degradation percentage was calculated to be 1.25%, which was 
subtracted from all other values to correct the graph.  A loading concentration of 0.4 mg NiWO4 
catalyst per mL of the methylene blue solution was found to be the optimal value, and it was 
observed that more concentrated solutions became very opaque and most likely suffered from a 
shadowing effect.  Another issue with higher concentrations occurs when the particles can no 
























beaker even with moderate stirring.  This aggregation decreases the exposed surface area of the 
catalysts. 
Methylene Blue has two peaks of interest, absorbing most strongly at 664nm and more 
weakly at 615nm.  Photodegradation measurements were taken by measuring the absorbance at 
664nm.  If the peak shifted during degradation, the maximum absorbance closest to 664nm was 
used.  In some measurements, scattering from still-suspended particles caused an apparent 
increase in absorbance.  Where centrifugation was not sufficient to remove all particles, 
absorbances at 800nm and 420 nm were taken, and a slope was established to subtract scattering-
related absorbances from the 664 peak.  These two wavelengths were used, as methylene blue 
showed no absorbance there.  Below is an example of the shift in absorbance during the 
photodegradation process. 
 
Figure 59:  UV-Vis of methylene blue during photodegradation 
 





























 Multiple unique samples of NiWO4 were synthesized during the attempt to dope it with 
silver.  A properly doped sample was never created, a series of cocatalysts were prepared for 
degradation test of methylene blue.  The hollow spheres of NiWO4 with silver and the 
heterostructure of NiWO4 with silver on its surface (co-catalyst) both have potential for high 
photocatalytic yield compared to the unmodified material.  A bulk sample of NiWO4 was 
prepared, along with a 3% and 9% doped sample.  A sample of hollow spheres with 3% Ag per 
Ni was prepared as well. 
 





















Figure 61:  Photodegradation rates of methylene blue over NiWO4 samples 
 All samples were shown to be active under the light of the xenon lamp, showing 
increased rate of degradation over the control sample.  Three experiments were run for each 
sample to provide a statistical fit, though certain samples had large error due to multiple factors 
including particle dispersion and solvent loss.  One sample which showed a highly consistent 
trend was the hollow sphere sample, which might be attributed to its colloidal nature.  This 
ensured a complete dispersion of all nanoparticles within the solution.  A first order kinetics fit 
was performed on the data, as reactive oxygen species and methylene blue are assumed to be 
abundant within the solution. 
 The silver doped nanoparticles showed an increased rate of photodegradation over the 
bulk NiWO4, though the exact ratio cannot be defined due to error.  The trend is observable with 
the fact that multiple experiments with multiple samples all still show a higher rate of 
degradation.  There is little difference, however, between the 3% and 9% samples.  This may be 




































little to no benefit.  Further experimentation is warranted to uncover a possible trend between the 
amount of silver doping and photodegradation rate. 
 The hollow sphere sample showed the highest rate of photodegradation per mass.  There 
are many possible factors at play, which include its unique colloidal nature, or its potentially 
high surface area.  Further study with BET to normalize activity to surface area is warranted.  
Unlike the other nanoparticles synthesized, the hollow nanospheres were the only ones which 
remained suspended in solution for long periods of time (>5min) without constant stirring.  
Figure 20 shows the IR of these samples, and indicates that there is a larger surface adsorption of 
water on these samples when compared to the other tungstates synthesized.  This affinity to 
water may be one explanation as to why the hollow nanospheres remain suspended for longer 
periods of time.  The sample is amorphous in nature, and contains many different environments 
at its surface which makes it difficult to reach a definitive contributor for its higher activity. 
 
4.2 – ZnWO4 Degradation of Methylene Blue 
 
Like the NiWO4 experiment, the ZnWO4 experiment utilized a 300W Xenon lamp.  Initially 
a test was run with a 295nm cutoff filter and the Pyrex.  This combination cutoff filter ensures 
that at 309nm, or 4.01 eV, 50% of photons are blocked.  At close to 298 nm only 1% of high 
energy photons pass through.  This is an extremely important parameter, as ZnWO4’s band gap is 
very high, and classically above 4 eV.  As shown below, with the cutoff filter the rate of 




Figure 62:  Photodegradation rates of methylene blue over ZnWO4 samples with cutoff filter 
 While the photodegradation rate of the dye is extremely low, a slight downward slope 
appears, indicating that the solution is becoming more concentrated.  It is likely that solvent loss 
outweighs any catalytic action of the ZnWO4, shifting the apparent rate to a negative value. 
 

































With the addition of copper to the ZnWO4, once a doping threshold is crossed the 
material begins to degrade the dye at wavelengths above 309 nm.  This is first observed at a 
doping percentage of 6%, yet seems to decrease at a percentage of 9%.  This possibly shows the 
limit of doping for ZnWO4 before the beneficial effects reach their peak.  Below is a graph 
showing only the samples which had a positive rate of photodegradation for methylene blue at 




Figure 64:  A graph of the relative performance of doped ZnWO4 samples with cutoff filter 
 To assess the relative activity of undoped ZnWO4 to the doped samples, the cutoff filter 
was removed, exposing the catalyst to photons with wavelengths up to 288 nm, with a cutoff 
wavelength of 301 nm (4.12 eV).  It is important to note that the emission flux in this range from 
the Xenon lamp is relatively weak, and the rates of degradation are low as a result.  These rates 
































Figure 65:  Photodegradation of methylene blue dye over copper doped ZnWO4 
 




























































 With the full spectrum of the Xenon lamp shining on the ZnWO4 samples, it can be seen 
that most samples degrade the methylene blue dye when excited by sufficient energy.  With the 
undoped sample as a baseline, the 6% and 9% doped samples show a higher catalytic activity, 
while the 3% sample shows reduced activity.  The reduced activity of the 3% sample can be 
explained when we consider the electronic structure of the CuWO4 in the matrix.  Copper has a 
d9 electron configuration, which gives it a p-type dopant effect in ZnWO4 as Zn has a d
10 
configuration.  We must also consider that oxygen deficiencies may exist in small amounts in the 
ZnWO4, existing as n-type dopants.  This conflict of small doping amounts for both p and n type 
in the 3% sample may result in the reduced activity of the semiconductor.   In larger amounts of 
doping, the p-type copper dopant may outnumber the oxygen deficiencies, allowing for higher 
activity as a result. 
At 9% doping, however, the benefit of the dopant begins to decline, showing an activity 
very close to the undoped sample.  ZnWO4 conduction band
19 may lie very close to the reduction 
potential of O2/O2
-•, and the reduction of the band gap may result in the shifting of the 




5 – Conclusions and Future Work 
 
 Doping NiWO4 with silver is not possible through conventional coprecipitation methods 
but using silver in this synthesis affords other potential catalysts, including a cocatalyst and a 
hollow sphere catalyst.  Work with both of these materials is warranted to study their full 
potential.  For the cocatalyst, a one-pot synthesis has been proposed, but the properties and 
catalytic activity of this material could be compared to a conventionally synthesized cocatalyst 
where the bulk NiWO4 has silver deposited on the surface through a photo or electrodeposition. 
 The hollow sphere samples should be more closely studied to confirm the proposed 
mechanism of their formation and degradation, as well as the limits of their colloidal properties.  
An interesting experiment would be to attempt to fill the hollow spheres with a magnetic core 
material in order to impart magnetic properties to the inactive sites of the material, while still 
preserving their ability to perform chemistry on the outer shell surface. 
 It can be seen that there are at least two inflection points for catalytic rate with respect to 
doping amount of ZnWO4 with copper, which justifies a more in-depth exploration to find the 
optimal doping level. 
 Finally, the photocatalysis experiments deserve a more optimized setup both with a more 
transparent material for the glassware in order to allow higher energy light into the sample, as 
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